Tourette syndrome (TS) is a neuropsychiatric disorder with childhood onset characterized by motor and phonic tics. Obsessivecompulsive disorder (OCD) is often concomitant with TS. Dysfunctional tonic and phasic dopamine (DA) and serotonin (5-HT) metabolism may play a role in the pathophysiology of TS. We simultaneously measured the density, affinity, and brain distribution of dopamine D 2 receptors (D 2 -R's), dopamine transporter binding potential (BP), and amphetamine-induced dopamine release (DA rel ) in 14 adults with TS and 10 normal adult controls. We also measured the brain distribution and BP of serotonin 5-HT 2A receptors (5-HT 2A R), and serotonin transporter (SERT) BP, in 11 subjects with TS and 10 normal control subjects. As compared with controls, DA rel was significantly increased in the ventral striatum among subjects with TS. Adults with TS + OCD exhibited a significant D 2 -R increase in left ventral striatum. SERT BP in midbrain and caudate/putamen was significantly increased in adults with TS (TS + OCD and TS-OCD). In three subjects with TS + OCD, in whom D 2 -R, 5-HT 2A R, and SERT were measured within a 12-month period, there was a weakly significant elevation of DA rel and 5-HT 2A BP, when compared with TS-OCD subjects and normal controls. The current study confirms, with a larger sample size and higher resolution PET scanning, our earlier report that elevated DA rel is a primary defect in TS. The finding of decreased SERT BP, and the possible elevation in 5-HT 2A R in individuals with TS who had increased DA rel , suggest a condition of increased phasic DA rel modulated by low 5-HT in concomitant OCD.
INTRODUCTION
Tourette syndrome (TS) is a childhood disorder characterized by motor and phonic tics that must be present for at least 1 year before diagnosis (American Psychiatric Association, 2004) . TS can be diagnosed and differentiated from other disorders by the history obtained from the patient and the family, and the carefully structured observation of the patient both at rest and with stimulation (Scahill et al, 2006) . People with TS often have a family history of tics, obsessions, compulsions, attention problems, hyperactivity, and other psychiatric disorders (Scahill et al, 2006; Murray, 1997) . While the symptoms of TS are often exacerbated in adolescence, they may subside in adulthood; however, subsets of adults with TS continue to exhibit the symptoms of the syndrome.
We hypothesize that dysfunctional metabolism of the neurotransmitters dopamine (DA) and serotonin (5-HT) plays a role in the development and maintenance of TS (Wong et al, 2005) . Multiple anecdotal reports of beneficial effects of DA antagonists (Singer, 2001) , and nicotinic Silver et al, 2000) agents in some people with TS suggest that these neurotransmitters are poorly regulated in TS. There is also some anecdotal evidence that serotonin reuptake inhibitors (ie fluoxetine) can alleviate symptoms as well (Silvestri et al, 1994) . The benefits of such agents are not uniformly visible, however, and some people with TS report worsening symptoms upon pharmacologic intervention. Consequently, it is necessary to further explore the pathophysiology of TS symptoms in terms of specific and interrelated neurotransmitter systems to develop appropriate and more effective novel interventions.
In the present study, we focus on the DA and 5-HT systems. A tonic/phasic imbalance in the DA system may help to explain the DA pathophysiology associated with TS, as has been proposed in schizophrenia (SCZ) (Grace, 1991) . In these studies, we used [ (BP) . Consequently, the current study, via measurement of the DA system, is designed to assess the tonic/phasic regulation hypothesis in relation to TS. The tonic/phasic regulation hypothesis asserts that the low level of tonic extracellular DA, released by the action of corticostriatal afferents, downmodulates spike-dependent phasic DA rel in TS, via the activation of autoreceptors on DA terminals (Grace, 1995) .
A factor adding a layer of complexity to our understanding of TS is the frequent co-morbidity of TS with obsessive-compulsive disorder (OCD), and the multiple serotonergic abnormalities seen in OCD could reflect the presence of dysfunctional 5-HT neurotransmission in TS. In traditional pharmacotherapy, people with TS often respond preferentially to DA antagonists (Singer, 2001) , whereas people with OCD respond mainly to selective serotonin reuptake inhibitors (SSRIs). This variation suggests different pathophysiologies for these disorders; however, it has been reported that mixed serotonergic/dopaminergic agents such as risperidone help alleviate symptoms of TS and OCD (McDougle et al, 2000; Pfanner et al, 2000) . Therefore, in this study, we also evaluated the BP of serotonin 5-HT 2A receptors (5-HT 2A R's), as well as the BP of serotonin transporter (SERT), using the radiotracers [ 
METHODS

Participants
Healthy adult control subjects were recruited via advertisements in local newspapers, word of mouth, and announcements at local universities. Adult subjects with TS were recruited with the help of local and regional chapters of the Tourette Syndrome Association. All subjects received thorough medical and psychiatric screenings, which specifically examined current and earlier medications. All subjects were free of neuroleptic, serotonergic, and dopaminergic drugs at the time of PET scanning, and had been treatment-free for a period of at least 6 months before the start of the study.
Study procedures were conducted in accordance with the Declaration of Helsinki Principle of 2004. The Institutional Review Board of The Johns Hopkins University School of Medicine approved the studies and the informed consent documents. All participants gave their written informed consent.
Dopamine study. For the DA study, we recruited and performed PET scans on a total of 14 subjects with TS (12 M, 2 F, age 2978 (SD) years) and 10 normal controls (6 M, 4 F, age 2677 (SD) years). Seven of the subjects with TS were treatment naïve, three were not currently on medication, and the remaining four subjects voluntarily stopped their medication at least 6 months before the baseline PET scan.
Serotonin study. For the 5-HT study, we recruited and performed PET scans on a total of 11 subjects with TS (9 M, 2 F, age 3479 (SD) years) and 10 normal controls (5 M, 5 F, age 3278 (SD) years). Eight of the subjects with TS were treatment naïve, two were not currently on medication, and the remaining subject voluntarily stopped medication at least 6 months before the baseline PET scan.
General Procedures
Participants were enrolled as outpatients in the Division of Nuclear Medicine of Johns Hopkins Hospital. Participants were required to abstain from use of all psychoactive drugs, caffeine, alcohol, and nicotine for the days of the PET scans. All subjects underwent medical history and physical examinations, which included full toxicology and blood workups. In the female participants, urine pregnancy tests were given before and during study participation, and all the results of all pregnancy tests were negative. Subjects also underwent 12-lead electrocardiography (ECG).
For Tourette's subjects, we used the DSM-IV-TMt (American Psychiatric Association, 2004) as the inclusion criteria. We also required that all subjects be drug naïve or drug-free for at least 3 months. Exclusion criteria included any marked axis I psychiatric disorder, order than TS with or without OCD, as well as any movement disorder other than those resulting from TS or OCD.
Neurocognitive Battery and Neuropsychiatric Assessments
All subjects received an evaluation of overall neurocognitive functioning during screening, and further neuropsychiatric assessments during a separate study day. Neurocognitive testing was conducted in a quiet testing room. The complete battery was designed to assess intelligence, executive functioning, word and design fluency, new learning/ memory and visual constructional ability.
A comprehensive family history, with emphasis on tics and neuropsychiatric problems including OCD, was also obtained on a separate day from the PET scans. OCD was diagnosed according to the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I), Clinical Version. The presence and severity of obsessions and compulsions were measured by the Yale-Brown Obsessive-Compulsive Scale (Y-BOCS) (Goodman et al, 1989a, b) . The diagnosis of adult Attention Deficit and Hyperactivity Disorder was determined by the Clinical Global Impression Scale for Attention Deficit Disorder (Guy, 1976 ) and the Wender Utah Rating Scale (WURS) (Wender, 1995) . In addition, the Yale Global Tic Severity Scale (YGTSS) (Leckman et al, 1989 ) and the Brief Psychiatric Rating Scale (BPRS) (Overall and Gorham, 1962) were administered to 14 subjects with TS (12 M, 2 F, age 2978 (SD) years) and 10 normal controls (6 M, 4 F, age 2677 (SD) years) for the DA study, and 11 subjects with TS (9 M, 2 F, age 3479 (SD) years) and 10 normal controls (5 M, 5 F, age 3278 (SD) years) for the 5-HT study.
Dopamine Measurements
To obtain measurements of DA dynamics, including DA rel , D 2 B max , and D 2 K D , subjects were scanned over two study days, and received two PET scans each day according to the following procedure: day 1-Scan 1: [ 
Serotonin Measurements
To obtain measurements of SERT and 5-HT 2A R BPs, subjects received two PET scans on the same day. The first scan used the radiotracer [ 
PET Procedures
For all scans, the same general PET and image analysis procedures were followed. For co-registration with the PET data to enhance anatomical definitions, each participant received a volumetric magnetic resonance imaging (MRI) scan with analysis of the caudate, putamen and ventral striatum to ensure that regional brain volumetric differences did not account for any of the PET analysis results. The MRI data were acquired using a spoiled GRASS (gradient recalled acquisition in steady state) (SPGR) sequence on a GE 1.5T Signa Camera (GE Healthcare, Chalfont St Giles, UK). To minimize movement during the MRI and PET scans, each participant was custom-fitted with a thermoplastic face mask.
Upon arrival to the PET center, a venous catheter was placed in the antecubital vein for injection of the radiotracer. [ (Ehrin et al, 1985) or [ 11 C]WIN (Wong et al, 1993) , produced at the Johns Hopkins Hospital Biomedical Cyclotron, was injected at the start of PET scanning. An arterial catheter was placed in the opposite arm as the venous line for blood sampling during all scans. All subjects received ECG, blood pressure, and pulse rate monitoring during each scan.
PET images were obtained on a GE Advance PET camera (GE Healthcare), which simultaneously acquires 35 slices, with an axial field of view of 15.2 cm. Each PET session consisted of a 90-min scan, with 32 frames of 15-s to 5 min each, according to the following protocol: four 15-s frames, four 30-s frames, three 1-min frames, two 2-min frames, five 4-min frames, twelve 5-min frames. Data were acquired in the three-dimensional mode. The images were reconstructed using filtered back-projection with a ramp filter (image size 128 Â 128, pixel size 2 Â 2 mm 2 , inter-slice spacing 4.25 mm), resulting in a spatial resolution of 5.5 mm Â 5.5 mm Â 4.25 mm full-width-at-half-maximum at the center of the field of view. Data in the decaycorrected, reconstructed, dynamic images were expressed in units of concentration (mCi/ml).
Image Analysis
For all PET scans, the initial primary outcome was BP, representing a ratio of receptor density divided by receptor affinity (B max /K D ) (Logan et al, 1996) . Thus, for the three Farde et al, 1989) . To determine BP, volumes of interest (VOIs) were drawn for subdivisions of the striatum and used to extract time-activity curves, as described below.
VOI definition. VOIs were manually defined for the caudate nucleus, putamen, and cerebellum on each individual's MRI. The VOIs were measured (ml) to test for differences in brain volumetrics between patient groups. The striatal VOIs were divided into five functional divisions (Martinez et al, 2003) , using the anatomical guidance provided by postmortem studies of human brain (Karachi et al, 2002) to overcome the fact that the subdivisions were not identifiable on MRI alone. Ventral striatum was separated from the other striatal VOIs on each coronal image after reorienting the MRI such that the anterior/posterior commissural plane (AC/PC) was horizontal. For this procedure, a line was placed on each coronal image that was perpendicular to the bisector of the internal capsule and passed through the lower corner of the lateral ventricle (Baumann et al, 1999) . We defined the ventral striatum as the portions of striatal VOIs that were below the line. The caudate and putamen VOIs were classified into respective anterior and posterior subdivisions by the AC/PC plane in the reoriented MRI (Baumann et al, 1999; Karachi et al, 2002; Martinez et al, 2003) . Thus, we sampled 10 subdivisions of the striatum: anterior and posterior regions of both the putamen and the caudate nucleus, and the ventral striatum, each in both the left and right hemispheres. The cerebellum VOI was used as a reference region.
The VOIs were transferred to PET space according to MRI-to-PET co-registration parameters using the mutual information theory as implemented in SPM2. Time-activity profiles of regions were obtained by applying the VOIs to individual PET frames after correcting for movements of the head during PET scans (Meyer et al, 1999) .
Mathematical Modeling
BP, B max , and DA rel for [ 11 C]raclopride. We employed a simplified reference tissue approach (SRTM) (Lammerstma and Hume, 1996) , as modified to a linear operational equation (Ichise et al, 2003) , and a reference tissue graphical analysis (RTGA; Logan et al, 1996) . BP was also calculated for [ 11 C]raclopride using TREMBLE, which calculates the BP at the peak bound/free ratio (Sölling et al, 1997) . D 2 receptor (D 2 -R) occupancy due to i.v. AMP challenge was calculated as DA rel ¼ (Baseline BPÀpost AMP BP)/Baseline and expressed as a percentage. TREMBLE , as well as TEM (Farde et al, 1989) , was used to calculate D 2 B max and K D .
The TEM analysis was performed as follows: it was assumed that the radioactivity concentration of bound ligand at time t was obtained by A(t) minus R(t) where A(t) and R(t) were the radioactivity concentrations at time t for the target and reference regions. Transient equilibrium (dB(t)/dt ¼ 0) was assumed when B(t) reached the maximum ( ¼ t 0 ). We predicted A(t) using the multi-linear reference tissue method with two parameters (MRTM2; Ichise et al, 2002) to reduce noise in measured A(t). The bound-free ratio (B(t) over R(t) at t 0 ) was plotted against B(t 0 ) for low-and high-specific radioactivity experiments (the Eadie-Hofstee plot) to obtain D 2 B max as the y intercept and ÀK D as slope of the line connecting the two points.
BP for [ 11 C]WIN (DAT BP).
We applied a one-vascular, two-tissue compartmental model for [
11 C]WIN (Wong et al, 1993) , using metabolite-corrected plasma radioactivity data, to obtain the BP of DAT.
5-HT modeling methods. The parametric imaging approaches (Zhou et al, 2002a (Zhou et al, , b, 2003 (Zhou et al, , 2004a , including linear and nonlinear least square fitting with spatial constraint, were used to evaluate voxel-wise kinetics for the McN, and MDL dynamic PETs. VOIs were extracted as described above. Parametric images of K 1 , DV, and BP were generated for VOI and voxel statistical analysis using SPM (Zhou et al, 2002b) .
Statistical Analysis
Statistical analysis of all PET parameters for 5-HT and DA measures (B max, K D , BP) and DA rel , DAT, SERT: means and SD were calculated for BP and change in receptor occupancy for each striatal VOI for both controls and all patient groups. Since the cerebellum VOI was the reference region, it was not included in the statistical analysis. To test for between-groups differences, we used a robust linear regression model, where group status (ie control vs TS) was encoded using dummy variables, and set as the independent variable. The PET parameters were set as the dependent variables, with age as a covariate.
To test for correlations between PET parameters and scores from psychiatric scales, individual values for those variables were incorporated into a linear regression. All statistical analyses were performed using Stata 8 (StataCorpLP, College Station, TX, USA).
RESULTS
Dopamine Hypotheses
Based on previous findings of elevation in DA rel (Singer et al, 2002) and B max , we hypothesized that the TS groups would continue to show elevations of DA parameters in striatal regions. Changes in DA parameters were tested at each striatal VOI using robust linear regression as described above.
D 2 Receptors
Twelve subjects with TS (10 M, 2 F, age: 3178.9 (SD)) and three normal control subjects (1 M, 2 F, age: 2472.5 (SD)) completed Scans 1-4, and results were compared across three variables describing the D 2 -R system: BP, K D , and B max , using TREMBLE analysis. Although a small control group, only subjects whose plasma radioactivity and metabolites were available to construct time-activity curves were used (requires insertion of an arterial catheter for blood collection).
Baseline BP was not different between subject groups in any brain region (p40.05). With the TEM method used for modeling, subjects with TS showed lower B max values than normal controls in the left anterior putamen (p ¼ 0.02). There was also a weakly significant decrease in the right anterior putamen (p ¼ 0.07) and right posterior putamen (p ¼ 0.06). Overall, TS subjects showed a uniform decrease in B max across all brain regions as compared to controls. With K D , we also saw a significant decrease in TS subjects as compared to control in the left and right anterior putamen (p ¼ 0.03). A decrease in K D is also seen in the left ventral striatum, but at weaker significance (p ¼ 0.09) (Figure 1 ).
DA rel , A Measure of Receptor Occupancy
The group comparison shows a robust increase of DA rel in the right ventral striatum (po0.05), in 14 subjects with TS (12 M, 2 F, age 2978 (SD) years), as compared with 10 healthy controls (6 M, 4 F, age 2677 (SD) years; Figure 2) . A weakly significant increase in DA rel was also seen in left ventral striatum of subjects with TS, when compared with controls (p ¼ 0.06). DA rel in the TS group was nearly double that of the control group.
DA Transporter
DAT BP was obtained for 11 subjects with TS (9 M, 2 F, age 3278 (SD)) years) and five normal controls (3 M, 2 F, age 2574 (SD) years), and was measured using data from the WIN scan (Scan 3). No significant differences were seen in DAT BP between subjects with TS and normal controls in any brain region (p40.05; Figure 3 ).
5-HT Measures
BPs for both 5-HT 2A and SERT were compared between TS and control groups, as well as among the TS group subsets (TS + OCD (n ¼ 9); TS-OCD (n ¼ 2)) and normal controls (n ¼ 9, Figure 4 ). Significant reductions were seen in SERT BP in the midbrain, caudate, and putamen of subjects with TS, when compared with normal controls (po0.05; Figure 4a ). When SERT BP was compared among the TS + OCD, TS-OCD, and control groups, significant decreases were seen in TS + OCD (po0.05) and TS-OCD (po0.05), as compared with normal controls in the midbrain (Figure 4b) . No significant differences were noted in 5-HT 2A BP in any brain region when comparing the TS and control groups (Figure 4c ), but weakly significant elevations in 5-HT 2A BP were observed in TS + OCD vs TS-OCD (p ¼ 0.07), and TS + OCD vs normal controls (p ¼ 0.08), in pre-frontal, temporal, and cingulate cortices (Figure 4d ).
Neuropsychological Assesments
The following correlations between DA rel (as measured by RTGA) and neuropsychological assessments in subjects with TS were significant and of interest. DA rel in the left ventral striatum was significantly and positively correlated with interpersonal sensitivity t-score (r ¼ 0.6, p ¼ 0.038). When the same correlation analysis was applied to DA rel measurements using SRTM, the results were marginally significant, but still showed a positive correlation (r ¼ 0.5, p ¼ 0.06).
Neuropsychiatric Assessments
A brief summary of the neuropsychiatric assessments is presented by study (DA and 5-HT) in Table 1 , including results of the BPRS, the YGTSS, the Y-BOCS, and the WURS (Tables 2 and 3) . DA rel in subjects with Tourette syndrome and normal controls by the SRTM and RTGA methods. Dopamine release (DA rel ) is calculated using two mathematical modeling methods: the simplified reference tissue method (SRTM; Lammerstma and Hume, 1996) , and the reference tissue graphical analysis (RTGA; Logan et al, 1996) . Both methods demonstrate a significant elevation (approximately 50%) of DA rel in the left and right ventral striatum, in subjects with Tourette syndrome (TS), as compared with normal controls. Asterisks indicate significant contrasts; po0.05.
MRI Findings
Volumetric MRI changes have been noted in TS, in that children with TS have shown to have a predominance of the right putamen over normal controls (Singer et al, 1993) . Thus, in the current study, the putamen, caudate, and ventral striatum were assessed in 14 subjects with TS and 8 normal controls to ensure that volumetric disparities did not account for any group differences observed in the PET results. However, no significant differences in regional brain volumes were found between patient groups (p40.05). In addition, no significant left-right asymmetries were observed in either population (p40.05; data not shown). Szabo et al, 2002) in which we compared the kinetics of the two tracers including arterial blood collection and compartmental modeling. In a preclinical study on baboons treated with MDMA, both radioligands demonstrated reduced binding in all brain regions and the correlation between them was very high. Also in a clinical paper on MDMA users and matched control subjects the 
LIMITATIONS
Statistical Justification
Even though we performed several analyses on the given data, we did not use a correction for multiple comparisons. While multiple comparison corrections apply to multiple tests on a single-dependent variable, we performed single tests on multiple, independent end points. That is, each measurement of DAR, K D , etc, in each brain region can be considered an independent experiment. Thus, we used a robust linear regression, treating each derived measurement in each brain region as an independent measurement.
DISCUSSION
Abnormalities in the DA system have been implicated previously in the pathophysiology of TS. Our own pilot results with seven subjects with TS and five age-matched normal controls showed an increased DA rel in subjects with TS (Singer et al, 2002) . We have confirmed and extended this initial result in our current study with a doubling of the sample size, and with the use of higher-resolution tomography (GE Advance vs GE 4096 PET) and multiple mathematical modeling methods. Although we were not able to see elevations in B max in TS as reported previously , this may be due to the smaller sample size in the current study (12 TS subjects in current study vs 20 TS subjects in previous study), as well as the fact that the previous 1997 paper showed the highest elevations in a smaller subgroup of four TS subjects, who may not have been representative of our current TS population.
Ever since the original DA hypothesis for TS was proposed (Singer et al, 1982) , the underlying dopaminergic deficit leading to TS dysfunction has eluded investigators. Thus, despite the many attempts to characterize TS, Motor tics, phonic tics, and impairment were measured using the YGTSS (Leckman et al, 1989) . The presence and severity of obsessions and compulsions were measured by the Y-BOCS (Goodman et al, 1989a, b) . Higher scores indicate worsening phenotype. including the measurement of homovanilic acid levels in post-mortem studies (Butler et al, 1979; Singer et al, 1982) , it appears that the most direct evidence has been the strikingly consistent increase in AMP-induced DA rel that was first shown via PET imaging in the pilot study mentioned above (Singer et al, 2002) . Improved tomographic resolution has allowed us to examine specific subdivisions of the striatum and, in the current study, we have observed significantly elevated AMP-induced DA rel in the ventral striatum. Indeed, this elevation may be more consistent than that reported for AMP-induced DA rel in SCZ Laruelle et al, 1996) .
Origin of Increased DA rel : the Tonic-Phasic DA Model
The model of the tonic-phasic balance in the DA system as a homeostatic mechanism may also explain the DA pathology in TS. Disruption of the tonic-phasic balance has been proposed to underlie the DA pathophysiology in SCZ (Grace, 1991 (Grace, , 1995 as well as in other neurological disorders, such as TS. This model is based on electrophysiological and neurochemical data, in which two types of DA kinetics exist in postsynaptic targets of the DA system. The long-term or homeostatic mechanism is determined by the tonic 'baseline' level of DA, which is in low concentrations, shows slow changes, and exists extracellularly. This is defined primarily as an extrasynaptic measure, from studies using microdialysis and electrophysiological measurements (O'Donnell and Grace, 1994; West and Grace, 2002) . Phasic DA is the spike-dependent DA rel that occurs primarily into the synapse; it will cause transient, local changes in the vicinity of the synaptic cleft with sufficient simulation (Wightman and Robinson, 2002) or when an uptake blocker is given (eg AMP) (Grace, 1991 (Grace, , 1995 . Intrasynaptic DA rel produced by spike-dependent DA rel or from the use of stimulant challenges such as AMP has been proposed as a surrogate for phasic DA. Therefore DA rel excludes the lowlevel tonic extrasynaptic DA levels that indirectly may influence the phasic release. Grace (1991 Grace ( , 1995 has proposed that DA is modulated by baseline levels of tonic (extrasynaptic) DA, which may be regulated by neocortical afferents and by DAT. While we found no changes in DAT binding, previous studies (Malison et al, 1995; Singer et al, 1991) have reported increased DAT binding, which fits the Grace (1991 Grace ( , 1993 models of dysfunctional regulation of tonic DA in TS.
We believe that this type of functional regulatory system is a potential target for the types of disruption that may underlie regulatory disorders of the brain, including disorders such as TS, SCZ, or depression (Grace, 1993) . We suggest that in TS, the clinical and imaging evidence is consistent with the decreased tonic regulation of phasic DA response, and that this leads to a hyper-responsive spikedependent DA-releasing system and subsequent pathological states. This increased release, coupled with other yet-tobe-determined factors, may account for the motor and vocal tic activity of TS. Another consequence of the chronically lower tonic DA is that it may explain presynaptic upregulation of enzymes such as elevated DOPA decarboxylase and other precursors of DA; this is apparently true in SCZ (Reith et al, 1994) and perhaps in TS as well (Ernst et al, 1999) . Another potential factor that could contribute to the increase in DA rel observed here would be an increase in the DA innervation. Thus, a simulation of DA dynamics with increased innervation (ie increased levels of type 2 vesicular monoamine transporter (VMAT2)) using a model from Gjedde (2003) has projected that increased VMAT2 could contribute to increased synaptic DA. This is consistent with previous work by Albin et al (2003) who reported small increases in the binding of the VMAT2 ligand [
11 C]dihydrotetrabenazine (DTBZ) among TS patients when compared to controls. In their study, Albin's group saw a significant increase in DTBZ binding (using voxel-by-voxel analysis) in right ventral striatum (effect size of 0.55). In our study, we also see a significant increase in occupancy of similar effect size (0.6), but we see this increase bilaterally, in both left and right ventral striatum (with a weaker significance in the left ventral striatum.) The bilateral nature of our result and equivalent effect size suggest that other factors outside of increased innervation play a role in the change of occupancy we see. Therefore, based on our tonic-phasic model of TS for DA, we propose one mechanism may be that the low tonic DA rel leads to unchecked phasic DA rel , as tonic DA rel normally inhibits phasic DA rel .
5-HT and DA Relationships
We were also able to introduce the findings of 5-HT 2A R and SERT measures in TS, which are particularly relevant, because of the high prevalence of co-morbid OCD. We demonstrated SERT reductions in the entire 11-subject TS alone group, as well as in those TS + OCD subjects. Our findings are consistent with those of Muller-Vahl et al (2005) ; although this was a SPECT study using the tracer [
123 I]b-CIT, and other studies showed increased (Pogarell et al, 2003) or unchanged (Simpson et al, 2003) SERT. However, our study also includes the concomitant 5-HT 2A R measure, indicative of a trend for elevations in 5-HT 2A BP. 5-HT abnormalities have been hypothesized in TS, although there are conflicting reports regarding 5-HT metabolism (Comings, 1990; Leckman et al, 1984) . Some abnormalities that have been hypothesized to be related to co-morbidity with OCD include decreased SERT in platelets (Weizman et al, 1992) .
There is increasing pharmacological evidence implicating the 5-HT system in the pathophysiology of TS, which does not seem to be limited to a co-morbid OCD. Studies have shown that TS patients who are resistant to neuroleptics show a reduction in tic severity with risperidone, which has combined 5-HT 2 and D 2 antagonism properties (Bruun and Budman, 1996) . A negative correlation has been shown between vocal tics and SERT (Heinz et al, 1998) . There are few studies on OCD or TS + OCD that clearly delineate the 5-HT abnormalities, and imaging studies have reported inconsistent results. For example, one study demonstrated significantly reduced SERT in midbrain/brainstem in TS subjects with co-morbid OCD (Stengler-Wenzke et al, 2004) , while two others showed increased (Pogarell et al, 2003) or unchanged (Simpson et al, 2003) SERT. One study examined SERT in TS and found reductions mainly in TS + OCD (Muller-Vahl et al, 2005) . In addition, Haugbol et al (2007) suggest that 5-HT 2A R may be elevated in TS.
To these earlier findings, we can now add two additional sets of results from our study. Although in a smaller subfraction of our subjects, these results are provocative and give rise to a proposed model of DA and 5-HT interactions, which we will describe below.
Effect of TS and OCD on DA rel
The initial TS subject group was subdivided into co-morbid subjects (TS + OCD, n ¼ 10) and subjects with TS symptoms only (TS-OCD, n ¼ 4). A one-way ANOVA showed a significant effect of OCD diagnosis on the DA rel values of TS subjects in the ventral striatum (po0.05). Specifically, post hoc contrasts showed that DA rel was significantly elevated in TS + OCD subjects (po0.05), as compared with normal controls (n ¼ 8), in the left ventral striatum for both the SRTM and RTGA methods ( Figure 5 ). DA rel in TS-OCD subjects were elevated as compared to controls, but lower than that seen in TS + OCD; however, these contrasts were only weakly significant (p ¼ 0.5).
More provocative, however, are the results of a subset of our sample, which consists of three TS + OCD subjects who completed the DA rel and 5-HT PET scans within 1 year. Three TS subjects with co-morbid OCD (based on Y-BOCS scores, Goodman et al, 1989a, b; and SCID diagnoses (First et al, 1994) completed three DA and two 5-HT PET scans. For these TS + OCD subjects, DA rel and 5-HT 2A BP were elevated in comparison with TS-OCD subjects (po0.05), and SERT BP was lower, in comparison with normal controls (p ¼ 0.05; Figure 6 ).
If the primary deficiency in TS with OCD is 5-HT depletion, then this co-morbid state would produce a compensatory increase in 5-HT 2A BP and thereby reduce SERT. By inference from the therapeutic response with SSRIs, which increase intrasynaptic 5-HT and improve OCD symptoms, it is reasonable to speculate that 5-HT 2A BP is increased, and SERT would be decreased, in TS + OCD and OCD alone. These findings, combined with the tendency for an upregulation of 5-HT 2A BP (though this increase is not significant and p40.1), gives rise to the following proposed models of DA and 5-HT interaction, where a 5-HT deficit could give rise to an increase in phasic DA rel ( Figure 7 describes the model graphically).
5-HT and DA Interaction: 5-HT Decrease as Primary Deficit Leading to Increased DA rel
If 5-HT were reduced in the TS + OCD subjects, SERT would be downregulated to compensate for the intrasynaptic 5-HT deficit, and 5-HT 2A R would be upregulated postsynaptically to increase sensitivity for the remaining 5-HT. Similarly, because of the known literature demonstrating the relationship between 5-HT 2A R antagonists and DA (Porras et al, 2002; Schmidt et al, 1994) , this upregulated 5-HT 2A R and decreased 5-HT could further enhance DA rel . Although, to date, we have studied three of our subjects at both DA and 5-HT systems (Figure 5 ), it does provide further preliminary support for this concept. Thus, our results are consistent with the effects on DA rel of concomitant OCD with TS, and may help explain some of the pathophysiology of this comorbidity (Figure 6 ).
5-HT and DA Interaction: Lack of SERT Compensation Leading to Increased DA rel
An alternative explanation is that there is a 5-HT deficit in OCD, but SERT is unable to compensate for this decrease. Thus, the failure of the SERT compensatory mechanism drives intrasynpatic 5-HT even lower, which may lead to even higher DA rel . This would be consistent with the trend in our data for TS + OCD subjects to have slightly higher SERT than TS-OCD subjects. In this alternative mechanism, 5-HT normally has a controlling effect on phasic DA, by controlling DA neuron firing directly. Lodge and Grace (2006) have shown that only spontaneously firing DA neurons can burst fire (ie create a phasic DA response), and that changes in the population of spontaneously firing DA neurons can modulate the burst (phasic) response. A deficit of 5-HT would lead to an increase in the population of spontaneously firing neurons. Normally, a downregulation of SERT could compensate for this increase. However, if SERT is unable to downregulate in TS + OCD, this would cause 5-HT levels to decrease even further and lead to an even higher DA rel , via the increase in spontaneously firing DA neurons.
In summary, we have reproduced our initial reported findings (Singer et al, 2002) in a sample of twice the initial size, and have augmented our initial findings by using a higher resolution tomograph. We have demonstrated SERT reductions consistent with one other published study, but have added evidence of concomitant DA rel and 5-HT 2A R abnormalities that could serve as the basis for a neurochemical model of DA-5-HT interaction in TS with concomitant OCD. Future directions include the role of DA and attention deficit disorder with or without concomitant OCD in TS. Further understanding of this pathophysiology will be essential in developing potential pharmacologic treatments. Figure 5 Amphetamine (AMP)-induced DA rel in TS + OCD and TSÀOCD subjects and normal controls, by the SRTM and RTGA methods. AMPinduced dopamine release (DA rel ) was measured by the simplified reference tissue method (SRTM; Lammerstma and Hume, 1996) , and the reference tissue graphical analysis (RTGA; Logan et al, 1996) in subjects with Tourette syndrome (TS), with and without obsessive-compulsive disorder (OCD), and normal controls. A significant increase in DA rel was seen in TS + OCD, as compared with normal controls (*po0.05). Both analyses methods confirm the concept that AMP-induced DA rel in the left ventral striatum is greater in TS + OCD4TS-OCD4normal controls. Figure 6 Elevation of AMP-induced DA rel and 5-HT 2A R binding potential (BP) in TS + OCD and TS-OCD subjects, and normal controls. A subset of subjects with Tourette syndrome and OCD (TS + OCD), who completed all dopamine and serotonin PET scans, were compared with the TS-OCD subjects and normal controls from the same study. In the three TS + OCD subjects, there was a significant elevation of DA rel , as compared with normal controls (p ¼ 0.05) (*), and a significant elevation of 5-HT 2A R BP, as compared with the TS-OCD subjects (p ¼ 0.05) (*).
